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INTRODUCTION 

We have previous ly  r e p o r t e d  r e a c t i v i t i e s  o f  a v a s t  spectrum of coal-derived 
c h a r s  i n  air (l), C02 ( 2 ) ,  s team (3) and H2  (4). I n  o x i d i z i n g  atmospheres, char  
r e a c t i v i t y  decreases  wi th  i n c r e a s e  i n  t h e  rank of t h e  p a r e n t  c o a l .  I n  c o n t r a s t ,  
char  r e a c t i v i t y  i n  H2 shows l i t t l e  dependence on rank  of t h e  c o a l  precursor .  

Because of t h e  l a r g e  r e s e r v e s  of  l i g n i t e s  and subbituminous c o a l s  i n  t h e  
United S t a t e s ,  they  are p o t e n t i a l l y  o f  importance i n  c o a l  conversion processes .  
These coa ls  c o n t a i n  s i g n i f i c a n t  amounts of carboxyl ic  a c i d  groups,  where a f r a c t i o n  
of  t h e  H+ i o n s  have been exchanged by d i f f e r e n t  c a t i o n s  such a s  Na+, K+, and Ca*, 
as a r e s u l t  o f  extended c o n t a c t  with ground water  conta in ing  d i f f e r e n t  salts .  The 
h igher  r e a c t i v i t y  of l i g n i t e  and sub-bituminous c o a l  c h a r s  i n  o x i d i z i n g  atmospheres 
i s  thought to be due, a t  l e a s t  i n  p a r t ,  t o  t h e  presence of exchangeable metal 
ca t ions .  Therefore ,  i t  i s  d e s i r a b l e  to  s t u d y  t h e  p o s s i b l e  c a t a l y t i c  e f f e c t  of  
d i f f e r e n t  exchangeable  c a t i o n s  p r e s e n t  on t h e  s u r f a c e s  of  t h e s e  coa ls  on subsequent 
c h a r  r e a c t i v i t y  i n  d i f f e r e n t  atmospheres. This  paper d e s c r i b e s  t h e  r e s u l t s  of such 
a s tudy.  

EXPERIMENTAL 

Char Preparat ion.  A Darco (Texas) l i g n i t e  (28x48 mesh) was demineral ized by 
b o i l i n g  wi th  10% H C 1  and subsequent ly  wi th  a 50-50 mixture  o f  50% HF-10% HC1. The 
carboxyl conten t  of t h e  demineral ized c o a l  was 2.4 mmoles/g. S c h a f e r ' s  method was 
used to  e f f e c t  cation-exchange ( 5 ) .  Demineralized (Dem) l i g n i t e  was contac ted  with 
0.10 molar s o l u t i o n s  of sodium a c e t a t e ,  potassium a c e t a t e ,  calcium a c e t a t e ,  mag- 
nesium a c e t a t e  and f e r r i c  n i t r a t e .  Approximately 0 . 3  m o l e s  of c a t i o n  per  gram of 
c o a l  were exchanged from t h e  var ious  s o l u t i o n s  i n  24 h r .  Ten l e v e l s  of exchangeable 
calcium i o n s  i n  t h e  range  0.10 t o  2.14 mmoles/g of coa l  were introduced by con- 
t a c t i n g  t h e  Dem c o a l  wi th  calcium a c e t a t e  s o l u t i o n s  varying i n  concent ra t ion  from 
0.04 to  2.0 molar f o r  24 h r .  

Raw, Dem and cation-exchanged samples were carbonized i n  N 2  i n  a f l u i d i z e d  
bed. In each c a s e ,  t h e  sample w a s  heated up t o  800'C a t  a r a t e  of 10"C/min. Soak 
t i m e  a t  800'C was 2 h r .  

R e a c t i v i t y  Measurements 

R e a c t i v i t i e s  of v a r i o u s  char  samples were measured i n  air (1 atm, 390°C), 
COP ( 1  atm, 760°C), s team (1 atm, 650"C), H2 (1 a t m ,  790°C), 50% CO-50% H 
( t o t a l  p r e s s u r e  1 a t m ,  79OoC), N2-H20 mixture  (790°C), H2-H20 mixture  (796"C), 
H2-N2-H20 mixture  (790°C) and CO-HZ-H~O mixture  (790'C). The p a r t i a l  p r e s s u r e  of 
w a t e r  vapor i n  t h e  last  f o u r  mixtures  ( t o t a l  p r e s s u r e  1 atm) w a s  12 .8  t o r r .  This 
pressure  was  genera ted  by bubbl ing t h e  gas  through deaera ted  d i s t i l l e d  water 
thermostated at 15OC. 

mixture 
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R e a c t i v i t y  measurements i n  1 a t m  steam were c a r r i e d  out  i n  a f l u i d  bed reac tor .  
Weight l o s s e s  occurr ing  dur ing  g a s i f i c a t i o n  i n  t h e  o t h e r  atmospheres s t u d i e d  were 
monitored using a DuPont 951 TGA system i n  conjunct ion  wi th  a 990 Thermal Analyzer. 
Details of t h e  experimental  procedures  f o r  r e a c t i v i t y  measurements have been 
descr ibed  elsewhere (6 ) .  

i 
I n  t h e  t e x t ,  r e a c t i v i t y  parameter ,  R ,  h a s  been def ined  as: 

i 1 dW 
Wo d t  

R = - - . -  

I where Wo is t h e  i n i t i a l  char  weight (daf )  and dW/dt is t h e  maximum r e c t i l i n e a r  
weight l o s s  rate. 

RESULTS AND DISCUSSION 

Burn-off versus  time p l o t s  f o r  v a r i o u s  char  samples r e a c t e d  i n  air  a r e  shown 
i n  F igure  1. 
has  prev ious ly  been a t t r i b u t e d  t o  t h e  loss of c a t a l y t i c  inorganic  matter upon 
deminera l iza t ion  (6) .  
produced from r a w ,  Dem and cation-exchanged samples: 

The D e m  char  i s  s i g n i f i c a n t l y  less r e a c t i v e  than  the  raw char .  This  
I 

The fol lowing o r d e r  of  r e a c t i v i t i e s  i s  observed f o r  c h a r s  

N a  > K > Ca > Raw > Fe > Mg > D e m  

These r e s u l t s  c l e a r l y  show t h a t  t h e  replacement  of  s u r f a c e  H+ i o n s  of  carboxyl ic  
a c i d  groups present  on t h e  s u r f a c e  of Dem l i g n i t e  by m e t a l  c a t i o n s  i n c r e a s e s  t h e  
r e a c t i v i t y  of t h e  chars  produced, bu t  t h e  e x t e n t  of t h e  i n c r e a s e  is markedly 
dependent upon t h e  n a t u r e  of t h e  ca t ion .  
produced from t h e  r a w  l i g n i t e  compared t o  t h e  i r o n  and magnesium conta in ing  c h a r s  
i s  thought t o  be  due t o  t h e  presence of c a t a l y t i c a l l y  a c t i v e  calcium i o n s  i n  t h e  
raw l i g n i t e .  

The h igher  r e a c t i v i t y  of t h e  char  

The fo l lowing  o r d e r  of r e a c t i v i t i e s  f o r  var ious  c h a r  samples w a s  observed 
f o r  t h e  r e a c t i o n  i n  COz:  

N a  > K - Ca > R a w  > Fe ? Dem > Mg 

and i n  steam: 

K > Ca > Na > Fe > Raw > Mg > D e m  

Even though t h e  C-02, C-C02 and C-HZO r e a c t i o n s  a l l  involve  a n  in te rmedia te  oxygen 
t r a n s f e r  s t e p  followed by a g a s i f i c a t i o n  s t e p ,  t h e  o r d e r  of r e a c t i v i t i e s  of c h a r s  
produced from d i f f e r e n t  cation-exchanged samples is n o t  t h e  same i n  t h e  t h r e e  
atmospheres. This  shows t h e  h igh  s p e c i f i c i t y  of d i f f e r e n t  c a t a l y t i c  s p e c i e s .  

For t h e  var ious  calcium conta in ing  chars ,  t h e  r e a c t i v i t y  parameter  i n  air ,  
CO2 and steam increased  l i n e a r l y  wi th  i n c r e a s e  i n  t h e  amount of calcium p r e s e n t  i n  
t h e  char .  Furthermore, normalized r e a c t i v i t i e s  of t h e s e  chars  i n  t h e  t h r e e  
oxid iz ing  atmospheres w e r e  e s s e n t i a l l y  t h e  same. 

Burn-off p l o t s  f o r  var ious  char  samples i n  H2 are shown i n  F igure  2 .  The 
order  of r e a c t i v i t i e s  of  v a r i o u s  samples i n  H2 is markedly d i f f e r e n t  from t h a t  
observed i n  t h e  t h r e e  o x i d i z i n g  atmospheres. Below 45% burn-off ,  sodium is t h e  
most e f f e c t i v e  hydrogas i f ica t ion  c a t a l y s t ;  whereas a t  h igher  burn-offs  i r o n  i s  a 
b e t t e r  c a t a l y s t .  
e x c e l l e n t  ox ida t ion  c a t a l y s t s ,  chars  conta in ing  t h e s e  s p e c i e s  are much less  
r e a c t i v e  i n  H2 than t h e  r a w  char .  

It i s  noteworthy t h a t  even though calcium and potassium a r e  

In f a c t ,  f o r  t h e  var ious  calcium-containing 
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samples r e a c t i v i t y  i n  H2 decreased  monotonical ly  wi th  i n c r e a s e  i n  calcium loading. 

Two extreme c a s e s  of t h e  e f f e c t  of H2 a d d i t i o n  to steam on char  r e a c t i v i t y  a r e  
i l l u s t r a t e d  by t h e  p l o t s  i n  F igures  3 and 4. A t  one extreme, f o r  t h e  raw char  
(Figure 3), which h a s  ca lc ium a s  t h e  major inorganic  impur i ty ,  g a s i f i c a t i o n  is more 
r a p i d  i n  w e t  N2 than  i n  w e t  H2. 
i r o n  exchanged sample has a h igher  r e a c t i v i t y  i n  wet H2 than i n  wet N2 (Figure 4).  
It i s  known t h a t  i n  t h e  e lementa l  form i r o n  i s  a good oxida t ion  c a t a l y s t  but  i n  the  
oxide form i t  is  a poor c a t a l y s t  (7).  In t h e  p r e s e n t  s tudy,  when t h e  
i ron-conta in ing  c h a r  i s  r e a c t e d  wi th  wet Hg. t h e  percentage of H2 i n  t h e  mixture  is 
s u f f i c i e n t  t o  keep i r o n  i n  t h e  reduced s t a t e .  

A t  t h e  o t h e r  extreme, t h e  char  produced from the  

I n  t h e  CO-H2 mix ture ,  c h a r s  produced from raw and N a ,  K ,  C a  and Mg exchanged 
However, i n  t h e  CO-H2-H20 mixture  small samples showed l i t t l e  o r  no weight  loss. 

but  f i n i t e  g a s i f i c a t i o n  r a t e s  w e r e  observed and t h e  o r d e r  of r e a c t i v i t y  f o r  
var ious  samples w a s  : 

Fe > Na > K > Ca > Raw > Mg 

Resul t s  f o r  t h e  i ron-conta in ing  char  were unique (Figure 5) .  
mixture ,  t h e  g a s i f i c a t i o n  r a t e  i s  s i g n i f i c a n t l y  lower than i n  N2-H20 or N2-H2-H20 
mixtures .  F u r t h e r ,  i n  t h e  dry CO-H2 mixture ,  a f t e r  a s l i g h t  i n i t i a l  weight l o s s ,  
t h e r e  is a r a p i d  cont inuous i n c r e a s e  i n  weight. This  i n c r e a s e  i s  a t t r i b u t e d  t o  t h e  
d i s p r o p o r t i o n a t i o n  of CO: 

I n  t h e  CO-H2-H20 

2 co -f co2 + c 

For t h i s  r e a c t i o n ,  i r o n  is an e x c e l l e n t  c a t a l y s t  bu t  i s  gradual ly  deac t iva ted  due 
t o  t h e  formation of  cement i te  (8).  In t h i s  s tudy ,  t h e  amount of H2 i n  t h e  CO-H2 
mixture  i s  s u f f i c i e n t  t o  keep i r o n  i n  t h e  c a t a l y t i c a l l y  a c t i v e  form, t h a t  i s  a s  
e lemental  i r o n .  Even though i r o n  i s  an e x c e l l e n t  c a t a l y s t  f o r  t h e  C-H r e a c t i o n  
(71, i t  appears  t h a t  i n  t h e  presence of CO t h e  weight i n c r e a s e  due t o  a i spropor-  
t i o n a t i o n  of CO o f f s e t s  any weight  loss due t o  hydrogas i f ica t ion .  
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Fltwa 1. GASIFICATION OF LIGNITE CHARS IN AIR AT 390% 
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Figue 3. GASIFICATION AT 7W0C OF CHAR PRODUCE0 FROM RAW LIGNITE IN 

Time, min. 
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F i l m  4. GASIFICATION AT 790oC OF IRON. CONTAINING CHAR IN VARIOUS ATYOSPHERES 
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